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DEVELOPMENT OF A SECOND-ORDER CLOSURE MODEL 
FOR C O M P U T A T I O N  OF TURBULENT DIFFUSION FLAMES 
b y  Ashok K .  V a r m a  and Coleman duP. Donaldson 
A e r o n a u t i c a l  Resea rch  A s s o c i a t e s  o f  P r i n c e t o n ,  I n c .  
ABSTRACT 
A " t y p i c a l  eddy" box model f o r  t h e  second-order  c l o s u r e  o f  
t u r b u l e n t ,  m u l t i - s p e c i e s ,  r e a c t i n g  f l o w s  h a s  been  d e v e l o p e d .  
The model s t r u c t u r e  i s  q u i t e  g e n e r a l  and  i s  v a l i d  f o r  a n  a r b i t r a r y  
number o f  s p e c i e s .  Fo r  t h e  c a s e  o f  a r e a c t i o n  i n v o l v i n g  t h r e e  
s p e c i e s ,  t h e  n i n e  model p a r a m e t e r s  a r e  d e t e r m i n e d  from e q u a t i o n s  
f o r  t h e  n i n e  independen t  f i r s t -  and second-o rde r  c o r r e l a t i o n s :  
a , B , T , a t B 1  , a r y l  , B ' y '  , a ' T '  , @'TI , and T ' T '  . The 
model e n a b l e s  c a l c u l a t i o n  o f  any h i g h e r - o r d e r  c o r r e l a t i o n  i n v o l v i n g  
mass f r a c t i o n s ,  t e m p e r a t u r e s ,  and r e a c t i o n  r a t e s  i n  terms of  f i rs t -  
and  second-o rde r  c o r r e l a t i o n s .  Model p r e d i c t i o n s  f o r  t h e  r e a c t i o n  
r a t e  a re  i n  v e r y  good agreement  with e x a c t  s o l u t i o n s  of t h e  r e a c t i o n  
r a t e  e q u a t i o n s  f o r  a number of assumed f l o w  d i s t r i b u t i o n s .  
- - - 
I N T R O D U C T I O N  
Recen t  advances  i n  t h e  a n a l y s i s  o f  t u r b u l e n t  f l o w s  by c l o s u r e  
o f  t h e  t r a n s p o r t  e q u a t i o n s  f o r  v a r i o u s  Reynolds  s t resses  a t  t h e  
s e c o n d - o r d e r  l e v e l  have r e s u l t e d  i n  a d e e p e r  u n d e r s t a n d i n g  o f  t h e  
p h y s i c s  of t u r b u l e n t  f l o w s  t h a t  could  n o t  be  o b t a i n e d  b y  c l a s s i c a l  
f i r s t - o r d e r  c l o s u r e  methods such  a s  t h e  eddy v i s c o s i t y  method.  
A . R . A . P .  has been  i n  t h e  f o r e f r o n t  o f  t h e  a p p l i c a t i o n  o f  second-  
o r d e r  mode l ing  t e c h n i q u e s  t o  t h e  c a l c u l a t i o n  o f  t u r b u l e n t  shear 
f l o w s .  We have s u c c e s s f u l l y  a p p l i e d  t h e s e  t e c h n i q u e s  t o  a v a r i e t y  
o f  f l o w  problems i n c l u d i n g  i n c o m p r e s s i b l e  and c o m p r e s s i b l e  f r e e  
s h e a r  l a y e r s  and boundary l a y e r s  ( r e f .  l), s i m u l a t i o n  o f  t h e  f l o w  
i n  a H F  c h e m i c a l  l a se r  ( r e f .  2 ) ,  b e h a v i o r  o f  t h e  p l a n e t a r y  boundary 
l a y e r  ( r e f .  3 ) ,  and t h e  decay  o f  ax i symmet r i c  v o r t i c e s  ( r e f .  4 ) .  
I n  t h e  c o u r s e  of t h e s e  s t u d i e s ,  we have deve loped  and  t e s t e d  models  
f o r  a l a r g e  number of t h i r d - o r d e r  c o r r e l a t i o n s  t h a t  a p p e a r  i n  t h e  
t r a n s p o r t  e q u a t i o n s  f o r  t h e  second-order  c o r r e l a t i o n s .  These  models  
w i l l  h a v e  d i r e c t  a p p l i c a t i o n  i n  our  c u r r e n t  development  o f  a 
computer  program to a n a l y z e  t u r b u l e n t  r e a c t i n g  f l o w s .  
/- 
The a n a l y s i s  of t u r b u l e n t ,  m u l t i - s p e c i e s ,  r e a c t i n g  f l o w s  i s  an 
example of t h e  k i n d  of problem t h a t  r e q u i r e s  a more s o p h i s t i c a t e d  
a p p r o a c h  t h a n  t h e  eddy v i s c o s i t y  method.  Dur ing  t h e  p a s t  two years ,  
!-.E .A.P. has Seer: d e ~ ~ e l ~ p i f i g  ar! invariant second.-nrder  c o u p l e d  
diffusion and chemistry model with support from NASA, EPA, and DOT. 
The model has been used to study a number of atmospheric (incom- 
pressible) chemistry problems such as the dispersal of pollutants 
from industrial stacks and highways, the behavior of the far wake 
of the SST exhaust, and other similar problems (ref. 5). These 
studies demonstrated that there are indeed real world atmospheric 
pollution problems in which neglect of the fluctuations of 
concentrations of reacting species introduces significant errors6- 
Neglect of the effects of inhomogeneous mixing could result in 
order of magnitude errors in the chemical reaction rates. An 
approximate closure scheme for the chemical submodel which Conforms 
to the principles of invariant modeling and which accounts for the 
effects of inhomogeneous mixing over a wide range of conditions Was 
developed. 
The above-mentioned studies of modeling of reacting flows were 
limited to problems involving low heat release in which the fluctua- 
tions in the reaction rate could be neglected. However, the SUCCeSS 
of these studies raised the distinct possibility that by combining 
the compressible flow models with further advances in chemical 
modeling, it will be possible to construct a second-order closure 
model for the computation of compressible flow problems involving 
highly exothermic chemical reactions, such as the analysis of a 
turbulent diffusion flame. A.R.A.P. is currently being funded by 
NASA under Contract NAS1-12412 to develop the models for third-order 
correlations involving fluctuations of species concentrations, 
temperatures, and reaction rates. This report details the develod- 
ment of these models over the past year. 
CHEMICAL KINETIC E QUAT IONS 
Consider an irreversible single-step reaction between chemi- 
cal species a and 6 to form y . 
We will primarily deal with such a three-species system, although 
the model can easily be extended to reactions involving more 
species; for example, 
The reaction rate equations may be written 
- -  - -k[a][B] 
at 
- =  -k[a][ B] 
at 
If, instead of the molar concentrations [a] and [ B ]  , 
Eqs. (2) are written in terms of the mass fractions a and B ,  
the reaction equations become 
- - -  a' - k2aB 
at 
k l = k -  P 
wB 
k 2 = k -  P 
wa 
( 3 )  
(4) 
where p is the density, Wa and WB are the molecular weights 
of species a and 6 , respectively, and kl and k2 are the 
reaction rate constants. 
Equations (3) and (4) specify the local instantaneous rate 
of change of the concentration of the reactants. In a turbulent 
.reacting flow, these equations may be written in terms of the mean 
and fluctuating values by writing a given quantity $I as the sum 
of a mean and fluctuating part 
$ =  $ + $ '  ( 5 )  
If Eqs. (3) and (4) are expanded by the scheme given in ( 5 ) ,  the 
result is 





( 7 )  
The chemical kinetic equations f o r  the average rates of change of 
the concentrations of a and 6 then become 
and 
3 
In a second-order closure scheme, one generally carries 
equations for all the independent second-order correlations of 
the fluctuations. Chemical kinetic equations can be easily 
derived for terms such as a r @ '  as follows. By subtracting 
Eqs. (8) and ( 9 )  from (6) and ( 7 ) ,  respectively, one obtains 
- - 6ck;a'  - k ; @ ' )  - @(k;a '  - k $ a ' )  - ( k $ a ' @ '  - k ; a ' @ ' )  
(11) 
Multiplying (10) by 8 '  , (11) by a' , and averaging the sum 
of the resulting expressions 
Expressions for other independent second-order correlations 
can be obtained in a similar fashion. Equations (81, ( 9 ) ,  and 
(12) contain higher-order correlations, such as the terms 
a'@'@' , k j a ' @ '  , k ; a ' @ '  , k i a f a f  , k j a ' @ ' @ '  , etc'., which now 
have to be modeled in terms of the mean quantities a ,, @ , T , 
etc., and the second-order correlations a'@' , a'a' , @'Y' , 
a'T' , etc. Once all the higher-order terms are modeled, we 
have a closed system of equations for the means and the inde- 
pendent second-order correlations which can be solved. We now 
have to develop suitable models for the various higher-order 
correlations. 
- - - 
I 
"TYPICAL EDDY" BOX MODEL 
I n  t h e  second-order  c l o s u r e  of  t h e  chemica l  submodel f o r  
a r e a c t i n g  m i x t u r e  of  t h r e e  s p e c i e s ,  l e t  u s  i d e n t i f y  what 
i n f o r m a t i o n  i s  a v a i l a b l e  t o  u s  t o  c o n s t r u c t  a g e n e r a l  model f o r  
t h e  h i g h e r - o r d e r  c o r r e l a t i o n s  and what t h e  c o n s t r a i n t s  a re  on 
t h e  model.  
Some e f f o r t  was devo ted  t o  t h e  development  of  a n a l y t i c a l  
model e x p r e s s i o n s  f o r  t h e  th i rd-order  c o r r e l a t i o n s  f o l l o w i n g  
p r o c e d u r e s  s imilar  t o  t h o s e  used  i n  r e f e r e n c e  5 for low heat  
re lease  r e a c t i o n s .  These were not  e n t i r e l y  s u c c e s s f u l  because  
of  t h e  l a c k  o f  p r o p e r  bounds on t h i r d - o r d e r  terms l i k e  k ' a ' a '  . 
It was d e c i d e d  t o  c o n s t r u c t  a " t y p i c a l  eddy" f o r  model ing  
c o n c e n t r a t i o n ,  t e m p e r a t u r e ,  and r e a c t i o n  r a t e  f l u c t u a t i o n s .  A 
s imi la r  concep t  i s  used  f o r  model ing o t h e r  c o r r e l a t i o n s .  F o r  
example,  d i s s i p a t i o n  o f  t u r b u l e n t  k i n e t i c  e n e r g y  i s  modeled as 
though a l l  t h e  d i s s i p a t i o n  was due t o  edd ie s  of a s i n g l e  s c a l e  
l e n g t h .  The t endency  towards  i s o t r o p y  i s  modeled i n  terms of  
a n o t h e r  s c a l e  l e n g t h ,  and s o  on .  
F i r s t ,  l e t  u s  c o n s i d e r  how many v a r i a b l e s  are  a t  our d i s p o s a l  
t o  c o n s t r u c t  t h e  model o f  a " t y p i c a l  eddy" f o r  t h e  c h e m i s t r y  sub-  
model.  We have t h e  e q u a t i o n s  f o r  t h e  mean terms 
- - - 
a , B , a n d  T ( 1 3 )  
- 
Note t h a t  y i s  n o t  an independent  v a r i a b l e  s i n c e  
F u r t h e r ,  w e  have e q u a t i o n s  for 
These a r e  t h e  o n l y  s p e c i e s  and/or t e m p e r a t u r e  second-o rde r  
c o r r e l a t i o n s  t h a t  are  independen t  s i n c e  a' + B '  + y '  2 0 
and ,  t h e r e f o r e ,  
We n o t e  t h a t  f w e  have a f T '  or BIT '  , s i n c e  ,.le r e a c , i o n  
r a t e  terms kl  and k2 are  known f u n c t i o n s  of T ( f o r  example,  
s i o n s  f o r  k l a l  , k;"' , e t c .  One of  o u r  problems i n  s e l e c t i n g  





a model i s  t o  o b t a i n  e x p r e s s i o n s  f o r  k i a '  , k i a ' B '  , e t c .  i n  
I 
terms of t h e  known q u a n t i t i e s  ( 1 3 )  and ( 1 4 )  which are  c o m p l e t e l y  
c o n s i s t e n t  w i t h  o u r  e x p r e s s i o n s  f o r  a ' T '  and  a ' B ' T '  . 
AS l i s t e d  above ,  we have n i n e  i n d e p e n d e n t  p a r a m e t e r s  ( E q s .  
(13) and (14)) t o  c o n s t r u c t  a t y p i c a l  eddy f o r  a m i x t u r e  of 
t h r e e  s p e c i e s .  
a n d  watch  t h e  t u r b u l e n t  f l o w  go  b y  and  ask ,  "What d o e s  a t y p i c a l  
eddy look l i k e ? "  or "What i s  t h e  t y p i c a l  r e p e t i t i v e  s t r u c t u r e  of 
t h e  f l o w ? " ,  t h e  answer  w i l l  b e  some v a r i a t i o n  o f  t h e  f o l l o w i n g .  
C o n s i d e r  two unmixed streams o f  c1 and f 3 ,  which mix and  r e a c t  
t o  form y . I n  t h e  e a r l y  s t a g e s  o f  t h e  m i x i n g ,  one w i l l  o b s e r v e  
la rge  amounts of p u r e  a and 6 . Some r e a c t i o n  would have  
o c c u r r e d  and some p u r e  p r o d u c t  y may p a s s  b y ,  There would be 
d i f f u s i o n  t a k i n g  p l a c e  and  w e  e x p e c t  t o  o b s e r v e  f l u i d  e l e m e n t s  
c o n s i s t i n g  of  d i f f e r i n g  p r o p o r t i o n s  o f  a + B and a + B + y 
( w h e r e i n  t h e  r e a c t i o n  i s  p r o c e e d i n g ) ,  a + y and B + y . A t  a 
l a t e r  t ime ,  one  would e x p e c t  l e s s  f r e q u e n t  f l u i d  masses c o n s i s t i n g  
of  p u r e  c1 and B b u t  t h e  b a s i c  s t r u c t u r e  of t h e  eddy w i l l  be t h e  
same. Wi th  t h i s  p h y s i c a l  and  i n t u i t i v e  i d e a  o f  t h e  f l o w ,  w e  now 
t r y  t o  c o n s t r u c t  a model .  The d e g r e e s  of  f r eedom o f  t h e  model  a r e  
l i m i t e d  by t h e  number o f  i n d e p e n d e n t  p a r a m e t e r s  a v a i l a b l e .  
If w e  r e m a i n  a t  a p a r t i c u l a r  p l a c e  i n  a f l u i d  
L e t  us a l s o  s e t  down o t h e r  d e s i r a b l e  f e a t u r e s  o f  t h e  model  
a n d  c e r t a i n  c o n s t r a i n t s  t h e  model must  s a t i s f y .  
1. 
2 .  
3. 
The t h r e e - s p e c i e s  model s h o u l d  b e  c a p a b l e  o f  
c o l l a p s i n g  tc t h e  c a s e  o f  one or two s p e c i e s  
and be l o g i c a l l y  e x t e n d i b l e  t o  l a r g e r  number 
of s p e c i e s .  
The model s h o u l d  n o t  have t o  l a b e l  t h e  t h r e e  
s p e c i e s ;  t h a t  i s ,  which a re  t h e  r e a c t a n t s  and  
which a r e  t h e  p r o d u c t s ?  F u r t h e r ,  t h e  model  
shou ld  be c a p a b l e  o f  h a n d l i n g  a n o n r e a c t i n g  
m i x t u r e  o f  t h r e e  c o n s t i t u e n t s .  
The model must s a t i s f y  t h e  - end  o f  t h e  r e a c t i o n  
c o n s t r a i n t s ;  t h a t  i s ,  i f  a and  f3 are  t h e  
r e a c t a n t s ,  
Cons ide r  now t h e  model f o r  a m i x t u r e  of  t h r e e  s p e c i e s .  I n  
t h e  absence  of any t e m p e r a t u r e  f l u c t u a t i o n s ,  t h e r e  a r e  o n l y  f i v e  
independen t  p a r a m e t e r s  w i t h  which t o  c o n s t r u c t  t h e  t y p i c a l  e d d y .  
These  a re  
A d e s i r a b l e  " t y p i c a l  eddy" s t r u c t u r e ,  shown i n  F i g u r e  l a ,  
-+ and k 4  + k8 . 1 r e q u i r e s  as many as 11 p a r a m e t e r s ,  E 
Obvious ly ,  w e  cannot  have  t h i s  g e n e r a l  a model .  A l a rge  number 
o f  s i m p l e r  models  were i n v e s t i g a t e d .  The p r o p o r t i o n s  o f  t h e  
v a r i o u s  mater ia ls  i n  c e l l s  4 t h r o u g h  7 c a n  be  f i x e d  f i r s t .  I f  
c e l l  7 ,  i n  which  a ,  B , and y e x i s t  t o g e t h e r ,  i s  p a r t  o f  t h e  
model ,  c e l l s  4 ,  5 ,  and  6 r o u l d  be c o n s i d e r e d  t o  have  e i t h e r  
e q u a l  amounts  of t h e  two c o n s t i t u e n t s  or have them i n  p r o p o r t i o n  
t o  t h e  mean c o n c e n t r a t i o n s .  I n  o r d e r  t o  b e  a b l e  t o  c o n s i d e r  t h e  
c a s e  o f  n o n r e a c t i n g  mix ing  of  t h r e e  s p e c i e s  f o r  which t h e  end 
r e s u l t  i s  a u n i f o r m l y  mixed f l o w ,  t h e  c o n c e n t r a t i o n s  i n  c e l l  7 
must  b e  p r o p o r t i o n a l  t o  t h e  mean v a l u e s .  I f  c e l l  7 i s  t a k e n  
o u t  o f  t h e  model ( t h i s  c e l l  i s  only  a b s o l u t e l y  n e c e s s a r y  f o r  
a c c u r a t e  computa t ion  when t h e  r e a c t i o n  r a t e s  a re  s low compared 
t o  d i f f u s i o n  p r o c e s s e s ) ,  t h e  c o n c e n t r a t i o r s i n  c e l l s  4 ,  5 ,  and  6 
must  b e  i n  p r o p o r t i o n  t o  t h e  mean  v a l u e s ,  f o r  t h e  model s h o u l d  
b e  c a p a b l e  of  h a v d l i n g  a c o n f i n e d  flame i n  which  t h e  r e a c t a n t s  
are n o t  a v a i l a b l e  i n  s t o i c h i o m e t r i c  p r o p o r t i o n s .  Then, t h e  end  
r e s u l t  i s  a u n i f o r m l y  mixed f l o w  of  a and  y (or B and 7 ) 
a n d  t h e  amount,s s f  a a n d  y i n  c e l l  5 s h o u l d  b e  p r o p o r t i o n a l  
t o  t h e  means.  By s y m m e t r y ,  we m u s t  do  t h e  same f o r  c e l l s  4 and  6 .  
- - 
With t h e  above-noted  a s s u m p t i o n s ,  w e  have  s i x  unknowns, 
E -t c6 , i n  t h e  model .  V a r i o u s  p o s s i b l e  models  were i n v e s t i g a t e d .  
Some o f  t h e  models  which were r e j e c t e d  a r e  s k e t c h e d  i n  F i g u r e s  lb 
a n d  IC. These  f a i l e d  f c r  d i f f e r e n t  r e a s o n s  - l a c k  o f  s y m m e t r y ,  
n o t  s a t i s f y i n g  t h e  r e a c t i o n  end  l i m i t ,  e t c .  
1 
A f t e r  e x t e n s i v e  s t u d i e s ,  w e  were l e f t  w i t h  two models  which 
m e t  a l l  the c o n d i t i o n s  and  t e s t s  w e  a p p l i e d  t o  them and a p p e a r e d  
t o  be q u i t e  s a t i s f a c t o r y .  The p r e d i c t i o n s  o f  t h e s e  models  were 
compared to t h e  t r u e  c h e m i s t r y  r e s u l t s  f o r  a number o f  assumed 
f l o w  d i s t r i b u t i o n s ,  a n d  t h e  r e su l t s  were v e r y  good.  The models  
and  t h e  t e s t s  a re  d i s c u s s e d  l a t e r  i n  t h i s  r e p o r t .  
B o t h  o f  t h e s e  models  were a s i g n i f i c a n t  improvement o v e r  
" c l a s s i c a l "  c h e m i s t r y  c a l c u l a t i o n s ,  b u t  i n  some f l o w s  Model I 
showed b e t t e r  r e s u l t s  w h i l e  Model I1 d i d  b e t t e r  i n  o t h e r  f l o w s .  
A s e v e n  c e l l ,  s i x  p a r a m e t e r  model combining  t h e  b e t t e r  f e a t u r e s  
o f  t h e s e  two models  a p p e a r e d  t o  be d e s i r a b l e ,  b u t  i t  would 
r e q u i r e  an a d d i t i o n a l  i ndependen t  p a r a m e t e r ,  a n d  we c o u l d  n o t  
f i n d  a c o n s i s t e n t  way o f  i n T r o d u c i n g  a n o t h e r  p a r a m e t e r .  I n  t h e  
l a s t  month we have  deve loped  a new s e v e n - c e l l  model (Model 111) 
which  s t i l l  r e q u i r e s  o n l y  f i v e  p a r a m e t e r s .  T h i s  model i s  
d i s c u s s e d  i n  a l a t e r  s e c t i c n  " D e s c r i p t i o n  of Model 111." It  must  
be t e s t e d  more c o m p l e t e l y  i n  t h e  same way t h a t  Models I and  I1 
were t e s t e d ,  b u t  t h e  f i n a l  model i s  s o  c l o s e l y  r e l a t e d  t o  t h e s e  
two mode l s  t h a t  w e  e x p e r t  i t  to show v e r y  s imi l a r  r e s u l t s ,  
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F i g u r e  1. Some of  t h e  r e j e c t e d  " t y p i c a l  eddy"  c e l l  models 
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DISCUSSION OF MODELS I AND I1 
We now consider the joint species temperature models. 
With no temperature fluctuations, there are five.parameters 
( a ,  6 , a '  B '  , a ' y '  , B ' y '  ) for the three-component species 
model. For variable temperatures, we have four additional 
parameters (? , T'T' , a'T' , B I T f  ) .  For a mixture of two 
species, we have a total of five parameters: a , a r B t  , T 
TIT' , a f T 1  . For the case when only one species is present, 
the model must admit temperature fluctuations whose distribu- 
tion functions are almost Gaussian, and to allow this result we 
assume that in the temperature distribution functions each cell 
spends one-half its time at a temperature AT above its base 
temperature. In the case of one species, the AT is governed 
by wall boundary conditions and/or viscous heating within the 




The six cell, three-species models I and I1 are shown in 
Figures 3 and 4. The temperature model has four unknowns: Tu, 
, and AT . The temperatures of the other three cells 
are the appropriately weighted means of the three base temper- 
atures for the three species. 
TB ' Ty 
The concentration model and the temperature model allows 
one to compute any higher-order correlation of scalar fluctua- 
tions involving concentrations or temperatures. The second and 
higher-order correlations involving the fluctuations of the 
reaction rate constant k' can also be calculated, because it 
is possible to calculate the instantaneous reaction rate k and 
plot the reaction rate distributions for each half ce.11 as shown 
in the figure. Then it is possible to calculate k'a' , k ' B '  or 
any other higher-order correlation of k '  with fluctuations in 
concentration or temperature. 
The three-species models described above have been compared 
against exact solutions of the reaction rate equations. The 
procedure is as follows. A number of base flows (assumed concen- 
tration and temperature distributions) are set up. A computer 
program has been written to calculate the nine model parameters 
from the values of the nine first- and second-order correlations 
for a given base flow at specified modeling times. The program 
then calculates various moments for the base flow as the reactions 
proceed in time. A comparison of the model predictions and the 
base flow (or true) chemistry is displayed using a plotting 
routine . 
The following reaction rate expression has been used for 

































































k i  = A T i "  exp(--) E A  
R T i  
I 
Figure 3. Model I f o r  a typical eddy in three-species flow 
11 
s4.s 
note # k 
F i g u r e  4. 
12 
Model I1 for a t y p i c a l  eddy in three-species flow 
14 k = 1.5 x 10 e x p  ( -  RT 
T h i s  c o r r e s p o n d s  to t h e  r e a c t i o n  
i n  a HF chemica l  l a s e r ,  A . R . A . P .  i s  s t u d y i n g  t h e  t u r b u l e n t  





























































F i g u r e  7 .  Base f l o w  1 t o  check  c o r r e l a t i o n  mode l ing ;  c o n s t a n t  
t empera tu re  c e l l s  
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Figure 8. Base flow 2 to c h e c k  correlation modeling; 
temperature cells 
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F i g u r e  9 .  Base flow 2 t o  check c o r r e l a t i o n  mode l ing ;  c o n s t a n t  
t e m p e r a t u r e  c e l l s  































Base f l o w  3 to check correlation modeling; v a r i a b l e  
temperature cells 




































Base f l o w  3 to check correlation modeling; constant 
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F i g u r e  1 3 .  Base f l o w  4 t o  check  c o r r e l a t i o n  model ing;  c o n s t a n t  
2 2  t empera tu re  c e l l s  
one or the other of" the two models shows good agreement with 
the exact solution of the chemical kinetic equations. We have 
now developed a seven-cell model which incorporates the better 
features of the two models discussed above. This model, Model 
111, is described in the next section. 
DESCRIPTION OF MODEL I11 
For this mcdel, the typical eddy of extent unity in time 
is considered to have the following structure. For a time €1 
the eddy contains only the species a . For a time € 2  the 
eddy contains only the species B , and for time ~3 the eddy 
contains only the species Y For time equal to ~4 , ~5 , and 
E 6  , the eddy is assumed 'LO contain 1/2 a and 1/2 B , 1/2 a 
and 1/2 Y , and 1/2 6 and 1/2 v by mass, respectively, in a 
state of moleci?lar mixedness. In addition, we assume that for a 
time 
the eddy contains a , B and y uniformly mixed and in propor- 
tion to the mean mass fractions a , B , and Y - Since the 
tot,al extent, of the e d d y  is u n i t y ,  
- - 
1 E + 2 E -k 3 E t ?4 -L 5 E + E 6  = (1. 
Thus, the model has o n i y  five unknowns necessary to define the 
eddy which are determined by the five available equations for 
a , B , a ' 6 '  , a ' y '  , and B ' Y '  . The temperature and the 
reaction rate distributions are set up in the same way as for 
Models I and IT. Figlire 14 illustrates the complete seven-cell 
model. 
- - 
This model is currently being tested by comparison of model 
predictions to exart s o l u t i o n s  of the chemical rate equations. 
Basically it i s  a rombination of the two previous models, and we 
expect the result,s of these tests to be quite satisfactory. The 
model can be extended t,? the case of four species in a straight- 
forward manner a n d  collapses correctly to the cases of flows 
involving one or two speries, 
2 3  
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Figure 14. Seven-cell, three-species "typical eddy" model 
MODEL I11 
2 4  
CONCLUSIONS 
A "typical eddy" box model for the second-order closure 
of turbulent reacting flows has been developed. The model 
structure is quite general and is valid for an arbitrary number 
of species. Model predictions are significantly better than 
classical chemistry (involving only the means) comput,ations and 
are in good agreement with exact solutions of the reaction rate 
equations for a number of assumed f l o w  distributions. 
The model enables calculation of any correlation of scalar 
fluct,uations involving concentrations, temperatures, and 
reaction rates. It provides the capability of making a second- 
order closure computation of turbulent flames and other f l o w s  
involving highly exothermic chemical reactions. 
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